We here isolated an Enterococcus hirae mutant unable to grow well at pH 10. The in‰ux rate calculated from steady-state 42 K ＋ W K ＋ exchange and the intracellular K ＋ concentration of the mutant were reduced to 53 and 55% of those of the wild-type, respectively. The activities of two high-a‹nity K ＋ uptake systems, KtrI and KtrII, were normal in the mutant, but the kinetics of net K ＋ uptake at pH 10 indicated that a low-a‹nity K ＋ uptake with a K m of about 20 mM (Kawano, M, Abuki, R, Igarashi, K, Kakinuma, Y. (2001) Arch. Microbiol. 175: 41-45), which were seen in the wild-type, was deˆcient in this mutant.
Potassium is a major cytoplasmic cation in growing bacterial cells and plays important roles in cell physiology. Bacteria have evolved diverse K + transport systems to maintain K + homeostasis. 1) Characterization of K + transport has progressed well in Escherichia coli but not in other bacteria. Two higha‹nity K + uptake systems, KtrI 2) and KtrII, 3, 4) have been reported in a Gram-positive bacterium, Enterococcus hirae. KtrI recognized K + as well as Rb + with an apparent Km of 0.2 mM, and this system requires both generation of a proton electrochemical gradient (proton potential) and ATP (or related highenergy compound). 2) Since E. hirae lacks the respiratory chain, proton potential is generated by proton extrusion via the F0F1-H + -translocating ATPase. KtrI activity was optimal around pH 6-6.5 in parallel with the optimal pH range of the H + -ATPase. 2, 3) KtrII selectively recognized K + with a Km of 0.5 mM and was independent of the proton potential generation. 3, 4) This system has a pH optimum around 9-10. 3, 5) Although these K + transport systems have not been well characterized at the molecular level, our molecular biological study revealed that the ntpJ gene, a tailed cistron of the ntp operon encoding nine subunits of a vacuolar type Na + -translocating ATPase, encodes a component of the KtrII system. 6) We recently reported an energy-dependent K + uptake at pH 10 in E. hirae 7) with low a‹nity for K + (Km of ¿20 mM) and an extremely high rate [Vmax of 1.6 mmol min "1 (mg protein) "1 ] . The ion speciˆcity of this transport was K + ÀRb + ÀCs + , and it is likely to be driven by the membrane potential. We expect that this low-a‹nity K + uptake is by a third K + transport system, playing a role in K + homeostasis of this bacterium at alkaline pH. However, the origin of the K + uptake with low-a‹nity and high rate remains unclear. This activity might be derived from a defective KtrII, since it was primarily found in a mutant JEM2 defective in NtpJ. 7, 8) We here report isolation of a mutant defective only in the activity of low-a‹nity K + uptake. Mutant JEM2 (ntpJ::EM r ), deˆcient in the higha‹nity KtrII system, did not grow at pH 10 in low K + medium (less than 1 mM K + ) but grew well when the medium was supplemented with 10 mM KCl. 6) K + uptake at moderate K + concentration is thus important for K + accumulation of this bacterium at alkaline pH. Therefore, we expected that a mutant deˆcient in low-a‹nity K + uptake could be selected as a pH-sensitive one unable to grow at pH 10 in such as a standard complex medium as NaTY 4) containing 20 mM K + . Mutants unable to grow at pH 10 in NaTY medium were isolated from E. hirae ATCC 9790 (wild-type) as follows. After mutagenesis with N-methyl-N ?-nitro-N-nitrosoguanidine (130 mg W ml) at 379 C for 60 min, the mutants were enriched by two cycles of penicillin (200 U W ml) treatment in the same medium, and sixteen colonies, which grew in NaTY at pH 8.0 but not pH 10, were picked up by replica plating. The spontaneous reversion frequency of Nas2 for one of the mutants was about 10 "5 , indicating a single mutation. Figure 1 shows the growth of 9790, Nas2, and Nas2R, a spontaneous revertant of Nas2, in NaTY medium. 9790 continued to grow well Cell culture was started at pH 7.8 (open) in NaTY medium. At the arrow indicated, the medium pH was shifted to 10 by the addition of 65 mM Na 2 CO 3 (closed). The growth of cells was monitored by measuring the optical density at 540 nm. A, circles, 9790. B, squares, Nas2; triangles, Nas2R. a Cells were cultured in NaTY medium (pH 10), harvested at middle-exponential phase, and resuspended in 0.1 volume of the same medium. The suspensions were incubated at room temperature, and 42 K of high speciˆc activity (0.66 GBq W mmol) was then added. At intervals, the samples (0.2 mg protein) were collected on the membraneˆlters (pore size, 0.45 mm; cellulose acetate, Toyo Roshi Co., Tokyo), washed with 2 mM MgSO 4 , and the radioactivity, the K + contents, and cell amounts (mg protein) were measured. 11) The cytoplasmic water spaces of 9790 and Nas2 were estimated as described previously 10) to be 2.0 and 1.9 ml per mg protein, respectively. Protein was measured by the method of Lowry et al. 13) with bovine serum albumin as the standard. b Turnover of the potassium pool was calculated since the cellular K + contents per mg protein remained constant for the duration of the experiments; the initial rates of in‰ux and eOEux were calculated as described by Slayman and Tatum. 12 
42
K + W K + Exchange of Strains 9790 and Nas2. Cells were cultured in NaTY medium (pH 10), harvested at the mid-log phase, and resuspended in 0.1 volume of NaTY medium. The reaction was started by addition of 42 K of high speciˆc activity. At intervals, the radioactivities and the cell amounts (mg protein) were measured. For details see text and Table 1 . , 9790; , Nas2.
even when the medium pH was shifted from 7.8 to 10 (Fig. 1A) . Nas2 grew well at pH 7.8 but very slowly at pH 10 (Fig. 1B) . Nas2R recovered the ability to grow well at pH 10 (Fig. 1B) . Mutants lacking sodium ATPase were also unable to grown on the same medium at pH 10.
9) Most of the pH-sensitive mutants isolated in this study were defective in the Na + -ATPase activity (data not shown). However, the Na + -stimulated ATP hydrolytic activity of membranes 4) of Nas2 was 0.20 mmol Pi W min W mg protein, being nearly equal to the value of 9790 (0.18 mmol Pi W min W mg protein). Furthermore, proton potential-independent Na + extrusion from whole cells assayed as described previously 10) was normally observed in Nas2 as well as 9790 (data not shown), excluding a possible defect of the Na + -ATPase activity of this mutant. Instead, it is likely that the K + pool was incomplete in mutant Nas2; the rates of K + in‰ux and W or of K + eOEux may be altered. Therefore, 42 K + W K + exchange in steady state conditions by cells in NaTY medium (pH 10) was examined. When culturing cells in this medium, the intracellular K + concentration of 9790 or Nas2 remained reasonably constant under the experimental conditions, and the cellular K + concentration of Nas2 was estimated to be about 254 mM, 58z of the value (438 mM) of 9790 ( Table 1) . The K + concentration of Nas2R was stored to about 430 mM. Figure 2 shows the course of 42 K + uptake by 9790 and Nas2. The initial rate of 42 K + uptake and the 42 K + accumulation level of the mutant Nas2 decreased obviously to 50-60z of those of 9790, respectively. When semi-logarithmic plots of the turnover of the intracellular K + pools were made, the exchange was exponential in both strains, suggesting that the K + pool was present as a single pool.
11) The rate constants for K + in‰ux and eOEux were calculated as reported by Slayman and Tatum (Table 1). 12) It is clear that the rate constants for in‰ux and eOEux of the mutant were much lower than those of the parent. Therefore, a reduced rate in K + ‰ux brought about largely a decrease in K + pool of mutant Nas2. K + uptake via the high-a‹nity KtrI system by 9790 and Nas2 were 0.41 and 0.42 mmol W min W mg protein, respectively. The initial rates of KtrII uptake by 9790 and Nas2 were 0.38 and 0.37 mmol W min W mg protein, respectively. Thus we did notˆnd any great diŠer-ence in activities of these high-a‹nity systems between 9790 and Nas2. We next examined net K + Fig. 3 . Potassium Uptake at pH 10.
A. Time course of K + uptake. Cells were grown in NaTY medium (pH 10), harvested at the middle-exponential phase, and loaded with Na + as described previously using 2,4-dinitrophenol.
2) Sodium-loaded cells were suspended at a cell density of 1 mg protein per ml in 0.1 M Na + -2-( N-morpholino)ethanesulfonic acid (MES)(pH 6.0) containing 2 mM MgSO 4 for the assay of high-a‹nity KtrI or in 0.1 M Na + -2-(cyclohexylamine)ethanesulfonic acid (CHES)(pH 10) containing 2 mM MgSO 4 for KtrII and low-a‹nity systems. The suspension was supplemented with 10 mM glucose at 0 min, and the reaction was started at 5 min by addition of 2 mM KCl for KtrI and KtrII or 10 mM KCl for the low-a‹nity system. At intervals, samples (0.3 ml) wereˆltered through membraneˆlters (pore size, 0.4 mm; Nucleopore polycarbonate, Whatman) and washed twice with 2 mM MgSO 4 . Cellular potassium content was measured by ‰ame photometry after extraction from the trapped cells with hot 5z trichloroacetic acid. The 7.3-kb plasmid pHYJ was constructed by ligation of the 2.4-kb HindIII-HindIII fragment of pKAZ132, 14) which contains the ntpJ gene, to the 4.9-kb HindIII cut of Enterococcus W Escherichia coli shuttle vector pHY300PLK. pHYJ was introduced into Nas2 by electroporation. Tetracycline (20 mg W ml) was added to the medium for culturing Nas2 W pHYJ. , 9790; , Nas2; #, Nas2R; $, Nas2 W pHYJ. B, C. Lineweaver-Burk plots of K + uptake by 9790 (B) and mutant Nas2 (C). The initial rates of K + uptake were measured within 5 min.
uptake at pH 10 in the presence of 10 mM KCl. As shown in Fig. 3A , K + uptake was partially impaired in Nas2; both the initial rate of K + uptake and K + accumulation level of mutant Nas2 decreased to 50 and 60z of those of 9790, respectively. Both values were restored in strain Nas2R (Fig. 3A) . Passive K + eOEux from K + -loaded cells of Nas2 did not diŠer signiˆcantly from that of 9790 (data not shown), suggesting that a change in K + eOEux did not contribute to the decreased K + level of Nas2 (Fig. 3A) . As described previously, 7) K + transport under these experimental conditions (Fig. 3A) included both activities of high-(KtrII) and low-a‹nity K + uptake. Lineweaver-Burk plots of the initial rates of K + uptake at pH 10 by 9790 showed a biphasic pattern (Fig. 3B) . The kinetics of K + uptake suggested the presence of two diŠerent components, with Km and Vmax values of 0.5 mM and 0.54 mmol W min W mg protein and 20 mM and 0.64 mmol W min W mg protein, respectively, which correspond to KtrI and low-a‹nity K + uptake components (Fig. 3B) . On the other hand, the plot of the initial rates of K + uptake by Nas2 showed a linear pattern, with a Km value of about 0.5 mM and a Vmax value of 0.34 mmol W min W mg protein (Fig. 3C) . It was hard toˆnd clearly another component with low-a‹nity for K + in Nas2 (Fig. 3C) . We also examined K + uptake by the transformant Nas2 W pHYJ and found that a defect in lowa‹nity K + uptake of Nas2 was not complemented by wild-type NtpJ. 6) These results suggest that the activity of a low-a‹nity K + uptake, independent of NtpJ, is deˆcient in mutant Nas2.
We have reported that the mutant JEM2 (ntpJ::EM r ) grew as well as 9790 in NaTY medium (pH 10).
6) The intracellular concentrations of K + and Na + of JEM2 in this medium were about 240 mM and 80 mM, respectively, Therefore, a defect in growth of Nas2 in the same medium (Fig. 1B) has not simply arisen from the decreased level of the internal K + . The cellular Na + concentration of Nas2 in the same NaTY medium was about 20 mM, excluding a possible Na + over-accumulation. We speculate that the mutated low-a‹nity transport system may participate in an overaccumulation of some cationic substances such as Mg 2+ , Ca
2+
, or basic amino acids, but our eŠorts to identify them were so far unsuccessful. In any case, low-a‹nity K + uptake is independent of KtrII, operating for K + homeostasis of E. hirae at alkaline pH. We are now going to isolate a gene that complements the phenotype of this mutant.
